Phytohemagglutinin (PHA) is commonly used to evaluate cell-mediated immunocompetence. In chickens, PHA is typically injected intradermally (i.d.) into the skin (e.g., wing web, wattle, or footpad), and the tissue swelling response is monitored, whereby the extent of tissue swelling positively relates to the individual's cell-mediated immune system capabilities. Although i.d. injected PHA was shown to stimulate mononuclear cell and basophil infiltration to the site of injection, reports on temporal, qualitative, and quantitative aspects of the local cutaneous PHA response are limited. The objective of this study was to use the growing feather (GF) as a cutaneous test site to assess and monitor the type and relative amounts of leukocytes present in the pulp of PHAinjected GF. For this study, male, non-vaccinated Lightbrown Leghorn chickens reared at the Arkansas Experiment Station Poultry Health Laboratory were used. At 9 wk of age, the dermis of 20 18-day-old regenerating GF was injected with 10 μL of either PBS diluent or 300 μg/mL PHA-P (5 chickens per treatment). GF were collected from each chicken before (zero) and at 0.25, 1, 2, 3, 4, 5, and 7 d post injection. At each time point, one GF was collected for immunofluorescent staining of pulp cell suspensions and leukocyte population analysis by flow cytometry, and another GF for histological analysis. Histological analysis confirmed participation of granulocytes and mononuclear cells, primarily lymphocytes, in the cutaneous PHA response. As revealed by flow cytometric cell population analysis, T cells, especially CD4+ T cells, constituted the major portion of the mononuclear cell infiltrate. Levels of CD4+ T cells were greatly elevated in PHA-injected GF within 6 h and remained elevated throughout the 7-day examination period. γδ T cells, CD8+ T cells, and B cells also infiltrated in response to PHA although at lower levels and with different time-course patterns from CD4+ T cells. The dominant presence of CD4+ T cells at the site of PHA injection further affirms this polyclonal response as an indicator of cell-mediated immunity.
INTRODUCTION
Cell-mediated immunity is a critical part of adaptive immunity. Unlike assessment of humoral immunity, which may involve sampling of blood and measuring antibody levels in plasma or serum, T cell responses are more difficult to study in vitro and in vivo. This is due in part to the many restrictions placed on T cell activation (e.g., recognition of processed antigen-peptide in the context of self-MHC) and function (e.g., most effector functions occur in complex tissues and require cell-to-cell contact) (Abbas et al., 2015) .
The cutaneous phytohemagglutinin (PHA) response, also known as the cutaneous basophil hypersensitivity response, is one of the most frequently used bioassays to examine cellular immunocompetence in the avian model (Klesius et al., 1977; Goto et al., 1978; Lamont and Smyth, 1984; Taylor et al., 1986; Murray et al., 1987; Lessard et al., 1997; Cheema et al., 2003; Chen et al., 2010; Sevane et al., 2015) . Its popularity is due in part to the fact that the PHA test is simple, inexpensive, and can be performed in the field setting. In this in vivo assay, PHA is injected into skin or skin derivatives such as the wattle, wing web, interdigitating toe web, or footpad, and the tissue swelling response is then measured over 24 to 48 hours. The extent of the swelling response is directly related to the animal's cellular immunocompetence; i.e., the greater the swelling response the greater the individual's cell-mediated immune system capability. The swelling response is caused in part by vascular changes and an influx of leukocytes to the area of PHA injection. Histological analyses of leukocyte infiltrates in PHA-injected wing webs and wattles revealed a rapid infiltration of granulocytes and macrophages, as well as a dense perivascular accumulation of lymphocytes within 24 hours. By 48 h granulocyte proportions within the leukocyte infiltrate decreased, while proportions of lymphocytes increased (Stadecker et al., 1977; Goto et al., 1978; McCorkle 3574 et al., 1980; Olah et al., 1981; Corrier and DeLoach, 1990; Koutsos et al., 2007) .
Phytohemagglutinin is a lectin obtained from the red kidney bean (Phaseolus vulgaris) that binds to carbohydrate moieties on the membranes of T cells. Addition of PHA to chicken lymphocyte cultures stimulates metabolic activity and polyclonal T cell proliferation (Greaves et al., 1968; Chan et al., 1988) . T cell dependence of the cutaneous response to PHA has been demonstrated using a variety of approaches, e.g., induction of T cell-specific immunosuppression by thymectomy, γ-irradiation, or administration of cyclosporine A, corticosterone, etc. (Goto et al., 1978; Edelman et al., 1986; Corrier and DeLoach, 1990) . Additionally, the presence of γδ T cells, CD4+ T cells, and CD8+ lymphocytes, but not B cells, within the 24-hour mononuclear infiltrate in PHA-injected wing webs was reported by Parmentier et al. (1998) .
While lymphocytes are the major contributor to the cutaneous PHA-induced swelling response, the timecourse and relative amounts of various types of lymphocytes participating in this polyclonal cell-mediated response in chickens have not been examined. Using the growing feather (GF), which is an established cutaneous test site in chickens (Erf and Ramachandran, 2016) , the objective of this study was to conduct temporal, quantitative, and phenotypic cell population analysis of leukocytes recruited to, and present at, the site of intradermal injection of PHA-P over a 7-day timecourse. Because the dermis of multiple GF of a chicken can be injected simultaneously and subsequent sampling of injected GF is minimally invasive, it was possible to examine the local leukocyte response to PHA at various time points over the course of the 7-day study in the same individuals.
MATERIALS AND METHODS

Experimental Animals
Non-vaccinated Light-brown Leghorn (LBL) chicks from the breeding populations maintained by G. F. Erf at the University of Arkansas, Division of Agriculture, were raised in a HEPA-filtered room in the Arkansas Experiment Station Poultry Health Laboratory in Fayetteville, AR, on wood shavings litter with food and water available ad libitum (Shi et al., 2012) . The wellbeing of the chickens was checked daily. When the chicks were 45 d of age, 12 GF of varying sizes were plucked in a row along each breast tract of 10 male chicks and allowed 18 d to regenerate before injection. All protocols involving animals were approved by the University of Arkansas Institutional Animal Care and Use Committee (IACUC Protocol #15022).
Injection and Collection of Growing Feathers
When the chickens were 9 wk of age, the 18-day-old GF were prepared for injection. At this time, the living portion (pulp) of the GF is an 8 to 10 mm by 2 to 3 mm column of cutaneous tissue consisting mostly of inner dermis bordered by an epidermal layer (Lucas and Stettenheim, 1972; Erf and Ramachandran, 2016) . The sides of the pulp column are surrounded by a connective tissue sheath from which the barbs of the GF emerge. For injection, the emerging barbs and part of the sheath of the 18-day-old GF were trimmed above the epidermis of the pulp column, and the GF were injected into the center of the dermis with either 10 μL of PBS diluent (endotoxin-free Dulbecco's PBS, Sigma, Chemical Company, Saint Louis, MO) or 300 μg/mL PHA-P (Sigma) using 0.3 mL syringes with 0.01 mL gradation and 31 × 8 mm gauge needles (Becton Dickinson, Franklin Lakes, NJ), 20 GF per chicken, 5 chickens per treatment (Erf and Ramachandran, 2016) . Two GF were collected before (zero) and at 0.25, 1, 2, 3, 4, 5, and 7 d post pulp injection. One of the collected GF per chicken was placed in a tube containing ice-cold PBS for same day immunofluorescent staining of pulp cell suspensions and cell population analysis by flow cytometry, and, with the exception of the 0.25 d time point, one GF was fixed in 10% buffered formalin for later histological analysis of stained tissue sections.
Preparation of Pulp Cell Suspensions and Immunofluorescent Staining
Pulp cell suspensions were prepared as described in Erf and Ramachandra (2016) . For phenotypic cell population analysis, pulp cells were immunofluorescently stained using a panel of fluorescently labeled mouse monoclonal antibodies specific for chicken leukocyte markers (Southern Biotechnology Associates, Inc., Birmingham, AL) [Erf and Ramachandran, 2016] . Included were antibodies to chicken CD45 conjugated to spectral red (CD45-SPRD; leukocyte marker), CD4 conjugated to fluoroisothiocyanine (CD4-FITC, T helper cells), CD8α conjugated to phycoerythrin (CD8α-PE; cytotoxic lymphocytes), Bu-1-FITC (B cells), IgM-PE (IgM+ B cells); T cell receptor 1 (TCR1)-PE (γδ T cells), TCR2-SPRD (αβ1 T cells), TCR3-SPRD (αβ2 T cells), KUL01-FITC (monocytes/macrophages), and MHCII-PE (2G11; MHC class II-expressing cells). The isotype of all mouse monoclonal antibodies used was IgG1. These antibodies were used in 3-color staining combinations, including CD45 as the third color in all staining combinations except for CD4CD8TCR2 and CD4CD8TCR3. Threecolor cell population analysis was conducted as described in Erf and Ramachandran (2016) using a BD FACSsort (BD; Becton Dickinson Immunocytometry Systems, San Jose, CA) and FlowJo software (Flow Jo, LLC, Ashland, OR). The heterophil population was identified based on size (FSC) and granularity (SSC) characteristics of CD45+ leukocytes (Seliger et al., 2012) . All data were expressed as % stained cells in the total pulp cell suspension (% pulp cells). The percentage of other leukocytes was calculated by subtracting the percentages of heterophils, macrophages, and lymphocytes from the total CD45+ leukocyte population.
Evaluation of Stained Tissue Sections
Areas of leukocyte infiltrations in fixed, paraffinembedded, stained GF sections (5 μm) were examined using a bright-field microscope equipped with a 10 mm × 10 mm ocular insert grid (square) with 100, 1 mm × 1 mm subdivisions (Erf et al., 1995; Erf and Ramachandran, 2016) . The number of lymphocytes, monocytes/macrophages, and heterophils, as well as basophils within areas of infiltration was counted in 20 squares at 1,000× magnification in Hematoxylin/Eosin (H/E) and Toluidine Blue stained tissue sections, respectively. All cell counts were carried out by the same person and data were expressed as the mean number of a type of leukocyte per square.
Statistical Analyses
The experimental unit was the individual chicken with 5 chickens per treatment (PBS or PHA). All statistical analyses were carried out using Sigma Plot 13 Statistical Software (Systat Software, Inc., San Jose, CA). Two-way Repeated Measures (RM) ANOVA was conducted to determine the effects of treatment, time, and treatment by time interaction on the various aspects examined. Because of the many significant time by treatment interactions, the effect of time was determined by one-way RM ANOVA for each cell type and treatment separately. In the presence of significant time effects, one-way RM ANOVA was followed by Fisher's Least Significant Difference Multiple Means comparisons. One-way ANOVA was used to determine treatment differences at each time point. For all comparisons, differences were considered significant at P ≤ 0.05.
RESULTS AND DISCUSSION
This time-course study is a first to examine the types and relative amounts of the leukocytes present at the site of intradermal injection of PHA throughout a 7-day time-course in the same individuals. This was possible using the GF "in vivo test tube" system, which was shown to be a suitable cutaneous test site, comparable, and in many ways superior, to other more conventional integumental test sites, such as wattles and wing webs (US Patent 8,216551, 2012); Erf and Ramachandran, 2016 . Injection of multiple GF of a chicken with PHA or diluent (PBS) and subsequent collection of injected GF at various time points for ex vivo analysis provided a minimally invasive window into cellular responses taking place in situ, similar to the window into systemic responses provided by sampling the blood. At each time point, one of the collected injected GF from each chicken was used for microscopic evaluation of the leukocyte infiltrate in fixed, paraffin-embedded, H/Eor Toluidine Blue-stained tissue sections, and another GF was used for preparation of pulp cell suspensions using the entire pulp (dermis and epidermis; Lucas and Stettenheim, 1972 ). Pulp cell suspensions were then immunofluorescently stained with a panel of chickenleukocyte-specific fluorescently labeled monoclonal antibodies, and phenotypic cell population analysis was conducted by fluorescence-activated flow cytometry.
In H/E-or Toluidine Blue-stained fixed tissue sections, the number of lymphocytes, heterophils, monocytes/macrophages, and basophils (#/square) in areas of dense infiltration within the GF sections was determined using bright-field microscopy. Analysis of GF pulps collected from the same individuals before (zero) and at 1, 2, 3, 4, 5, and 7 d post PHA or PBS injection revealed infiltration (P < 0.05) of all leukocyte populations in PHA-injected GF, whereas leukocyte levels were not significantly altered at these time points in PBS-injected GF (Figure 1 ). All types of leukocytes in PHA-injected GF reached peak levels on d one and remained elevated through d 4 or 5 before returning to near pre-injection levels at d 5 or 7. The most abundant cell type present in the leukocyte infiltrate of PHA-injected GF was the lymphocyte with approximately 28 cells/square on d one, followed by basophils, heterophils, and macrophages with approximately 3.6, 3.2, and 2.5 cells/square, respectively (Figure 1 ). These leukocyte infiltration profiles are in general agreement with those reported by others for PHA-injected wattles and wing webs, although direct comparisons cannot be made between the current and published studies. This is due in part to different evaluation methods used, the dose of PHA injected (100 μg per wattle or wing web vs. 3 μg per GF), the skin tissue used (i.e., in wattles and wing webs, the area of injection/infiltration is less predictable compared to GF), the time-course studied, and the use of different chickens at each time point compared to the same individuals at all time points in the current study (Stadecker et al., 1977; Goto et al., 1978; McCorkle et al., 1980; Olah et al., 1980 Olah et al., , 1981 Corrier and DeLoach, 1990; Koutsos et al., 2007; Erf and Ramachandran, 2016) .
Using pulp cell suspensions prepared from the entire injected GF pulp tissue for flow cytometric cell population analysis, we confirmed the participation of lymphocytes, heterophils, macrophages, and other nonlymphoid leukocytes in the response to PHA and the predominance of lymphocytes among infiltrating leukocytes throughout the 7-day time-course of the study (Figure 2) . A preliminary study showed the same cellular response pattern (data not shown). In pulp cell suspension prepared from PHA-injected GF, heterophil levels (% pulp cells) were found to be greatly increased at 6 h (P < 0.05) but returned to near baseline levels by one d (Figure 2a) ; macrophage levels were elevated at 0.25 to 2 d, reaching peak levels on d one, but returned to pre-injection levels by d 3 (Figure 2b) ; and levels of other non-lymphoid leukocytes were Figure 1 . Numbers of lymphocytes, monocytes/macrophages, basophils, and heterophils in areas of leukocyte infiltration within the pulp of growing feathers (GF) injected with phytohemagglutinin-P (PHA) or PBS. Using 9-week-old, non-vaccinated, male Light-brown Leghorn chickens, the pulp of 20 GF per chicken was injected with 10 μL of either PHA (300 μg/mL) or PBS. One GF per chicken was collected before (zero) and at 1, 2, 3, 4, 5, and 7 d post injection for preparation of H/E-and Toluidine Blue-stained tissue sections. Leukocyte numbers were determined in areas of infiltration by brightfield microscopy using a 10 mm by 10 mm ocular grid insert (square). elevated above pre-injection levels (P < 0.05) from 0.25 to 4 d (Figure 2c ). Similar infiltration of heterophils and macrophages during the initial phase of the cutaneous PHA response also was reported by others who examined areas of infiltration in PHA-P injected wattle and wing web tissues collected between 4 h and 48 h post injection (Stadecker et al., 1977; Goto et al., 1978; Olah et al., 1980 Olah et al., , 1981 Corrier and DeLoach 1990; Koutsos et al., 2007) .
Leukocyte infiltration profiles observed by microscopic evaluation of infiltrated areas within GF tissue section (Figure 1 ) are in general agreement with the pulp-cell suspensions data (Figure 2) . Differences observed using these approaches can be attributed to evaluation of infiltrated areas in 5 μm thick GF tissue sections compared to using the entire injected pulp, identifying leukocytes by immunofluorescent staining, and determining proportions among cell types based on evaluation of 10,000 cells by flow cytometry. Considering the uniform size of injected GF and the confinement of the local activities to this tissue (in vivo test tube), the latter approach is judged to better reflect the local cellular/tissue response to PHA administration.
One of the major objectives of this study was to describe the time-course, relative quantity, and phenotype of lymphocyte populations participating in the cutaneous PHA response. As expected, the predominant cell type in PHA-injected GF were T cells. Elevated levels (% pulp cells) of T cells were observed within 6 h of PHA injection (Figure 2f ). Among the infiltrating T cells, CD4+ T cells and αβ T cell receptor (TCR)+ T cells constituted the major portion of the T cells present in PHA-injected pulp. Levels of both were greatly elevated within 6 h, remained at maximal levels for 4 d, dropped to lower levels by 5 d, but remained elevated throughout the 7-day time-course (Figure 2f,  g ). Interestingly, based on 3-color analysis, 90% of the CD4+CD8-lymphocytes in GF expressed αβ1 TCRs (TCR2+).
The observation that CD4+ T cells are the dominant cell type participating in the PHA response is in agreement with Chan et al. (1988) who reported that the majority of T cells proliferating in response to PHA stimulation in culture were CD4+ T cells (e.g., proliferation of CD4+ cells was more than 2-fold higher than that of CD8+ cells). Also in agreement with PHA's effects in culture is the relatively small increase (P < 0.05) in CD8+ T cells by 6 h post PHA injection in GF, with levels remaining intermediate to those at zero and 6 h throughout the 7-day examination period. This sustained low-level presence of CD8+ T cells in PHA-compared to PBS-injected GF was, however, reflected in a treatment main effect (P < 0.05) based on 2-way RM ANOVA (Figure 2j ).
Levels of γδ T cells also were elevated early in the cutaneous PHA response, reaching maximal levels within 6 h following PHA injection, remained near maximal levels on d one and 2, and gradually decreased to near pre-injection levels by d 5 and 7 (Figure 2g) . Interestingly, within the γδ T cell population, the proportions of CD8-expressing γδ T cells changed over time post PHA injection; specifically, the percentage of CD8α+ γδ T cells changed from 28.9 ± 4.9 before PHA injection to 10.4 ± 1.6, 13.9 ± 2.4, 16.4 ± 1.5; 18.3 ± 1.4, 17 ± 1.1, 22.7 ± 3.9, and 20.8 ± 2.8 at 0.25, 1, 2, 3, 4, 5, and 7 d post PHA injection, respectively.
Hence, it appears that most of the PHA-recruited γδ T cells were CD8-negative and that γδ T cells likely constituted only a small portion of the sustained lowlevel elevation of CD8+ T cells in PHA-injected GF (Figure 2g, j) . B lymphocytes, specifically Bu-1+IgM+ B cells, were another type of lymphocyte found to participate in the in vivo PHA response. Unlike T cell infiltration, infiltration of B cells was gradual with elevated levels (P < 0.05) observed on d one, and reaching maximal levels on d 4 onwards (Figure 2e) . A potential regulatory role of B cells in the wattle swelling response to PHA was suggested by Slowik and Barneki (1976) and Goto et al. (1978) when the response was examined in bursectomized chickens. The observed inverse pulp-infiltration profile of B cells compared to T cells (i.e., low levels of T cells at the time when B cell levels were high), also suggests a potential role of B cells in the down-regulation of the PHA response, as well as an adaptive immune system component to the PHA response as suggested by Edelman et al. (1986) .
While PHA is a T cell mitogen known to induce T cell proliferation in vitro (Chan et al., 1988; Erf and Marsh, 1988) , it did not, however, appear that proliferation was a major contributor to the presence of T cells during the in vivo PHA response. This conclusion is based on observations by Goto et al. (1978) and examination of lymphocyte morphology in the H/Eand Toluidine Blue-stained GF tissue sections, which did not suggest presence of lymphoblasts. Rather, PHA may have activated the T cells to produce cytokines, such as interferon-γ as indicated by the increased levels of MHC class II+ cells in PHA-injected tissue (Figure 2c ). In chickens, MHC class II molecules are constitutively expressed on antigen-presenting cells such as macrophages and B cells, but dendritic cells, activated T cells, endothelial cells, and fibroblasts also express MHC class II molecules, especially in the presence of interferon-γ (Kariuki Njenga and Dangler 1995; Dalgaard et al., 2009; Liang et al., 2011; Hamal et al., 2012; Erf and Ramachandran, 2016) .
Infiltration of all leukocytes, especially heterophils, also was observed at the 6-hour time point following GF injection with endotoxin-free PBS. However, in agreement with our observations in tissue sections from PBS-injected GF (Figure 1 ), leukocyte levels in pulp cell suspensions from PBS-injected GF had returned to pre-injection levels within one to 2 d onwards. Similar early infiltration of all leukocyte subsets, especially heterophils, also was observed within h following intradermal injection of PBS in wattles, wing webs, and GF and appeared to be due to leukocyte recruitment initiated by tissue injury associated with injection (Erf and Ramachandran 2016) .
In summary, phenotypic analysis of leukocytes recruited to the site of PHA injection, revealed T cells, primarily CD4+ αβ1 T cells, as the predominant cell type responding to the presence of PHA-P. This observation further supports the concept that the cutaneous PHA response is a measure of general cell-mediated immune system capacity.
